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Ferroelectric oxides, such as Pb(Zr,Ti)O3, have tremendous potential for electronic 

and photonic devices because of their ability to retain two stable polarization states 

which can form the basis for memory and logic circuitry.    Requirements for long-

term operation of practical devices such as non-volatile RAM include consistent 

polarization switching over many (more than 1012) cycles of the applied electric 

field, which represents a major challenge.  A primary limitation common to all 

practical devices is so-called polarization fatigue, the reduction in the amount of 

switchable polarization after a large number of switching cycles.  Since switching is 

largely controlled by the motion and pinning of domain walls, it is essential to 

develop suitable tools that can directly probe the ferroelectric domain structures in 

operating devices, i.e., thin film structures with electrical contacts.  The recently 
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developed technique of synchrotron x-ray microdiffraction complements existing 

microscopic probes and allows us to visualize the evolution of polarization domains 

in ferroelectric devices directly, through metal or oxide electrodes, and with sub-

micron spatial resolution.  The images reveal two unique regimes of fatigue 

depending on the magnitude of the electric field pulses driving the device: a low-

field regime in which fatigue can be reversed with higher electric field pulses, and a 

high-field regime in which there is a non-reversible crystallographic relaxation of 

the epitaxial ferroelectric film.   

A common feature of ferroelectric capacitors (e.g. as in Figure 1a) is a rapid decrease in 

the polarization that can be switched following many cycles of an applied electric field.1  

This polarization fatigue has been attributed to several causes that depend in detail on the 

structure of the device.  In devices with elemental metal electrodes, fatigue has been 

linked to the migration of oxygen to the electrode-ferroelectric interface and the 

development of oxygen vacancy clusters which can inhibit the switching by pinning 

domain walls.2  A second possibility involves the formation of layers at electrode 

interfaces that effectively reduce the total electric field applied across the device or 

inhibit the nucleation of oppositely polarized domains.3, 4  These mechanisms modify the 

dynamics of ferroelectric domains in applied electric fields and depend on the magnitude 

and frequency of the field as well as the details of the device preparation.  The candidate 

mechanisms for polarization fatigue have been identified in area-integrated electrical 

measurements.4  Microscopy, however, has shown that both polarization switching5 and 

the eventual evolution of fatigue in operating devices is inhomogeneous on the micron 



 3

scale.6  Structural measurements have thus far been limited to either much larger scales 

or, using transmission electron microscopy, to unfavorable sample geometries that 

complicate in situ observations during device operation.  In comparison with techniques 

such as measurements of the piezoelectric response of the ferroelectric material with an 

atomic force microscope,7 x-ray microdiffraction is a structural probe that does not 

require an electric field be applied during imaging and is not complicated by the 

mechanical properties of the sample8. 

PbZr1-xTixO3 (PZT) is considered one of the most attractive materials for ferroelectric 

devices because it has a large polarization, has the simple ABO3 perovskite structure, and 

is reasonably straightforward to synthesize.  For this study, prior to PZT films, epitaxial 

SrRuO3 (SRO) bottom electrodes were deposited on single crystal (001) SrTiO3 

substrates by off-axis radio-frequency (RF) magnetron sputtering.9 The epitaxial PZT 

films were grown on these electodes by on-axis RF magnetron sputtering .  The nominal 

composition of the films, x=0.55, was chosen to be on the tetragonal side of the 

morphotropic phase boundary separating tetragonal and rhombohedral structural phases 

of PZT.10  Polycrystalline platinum thin film top electrodes were deposited by magnetron 

sputtering through a shadow mask defining 200 µm diameter capacitor devices. 

We have used x-ray microdiffraction,11 a novel spatially resolved technique for probing 

ferroelectrics, to differentiate between two regimes of electric field amplitude in the 

development of fatigue in epitaxially grown ferroelectric devices.  In order to resolve the 

microscopic processes involved in the switching and fatigue of ferroelectric devices, we 

have used synchrotron x-ray microdiffraction based on Fresnel zone plate focusing 
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optics, which provide the smallest spot size for hard x-rays.12  A 10 keV x-ray beam from 

the 7ID beamline of the Advanced Photon Source was focused to an 800 nm spot and 

easily penetrated the top electrode (Figure 1b), allowing electrical measurements to be 

carried out in situ without removing the sample from the diffractometer.  The x-ray 

penetration length is on the order of several microns or more in the materials from which 

our sample is made and thus our measurements effectively average through the depth of 

the film.  Microdiffraction provides information on the bulk of the thin film.Images of the 

polarization within ferroelectric devices were formed by scanning the sample in the 

focused beam and continuously monitoring the intensity of the PZT c-axis Bragg 

reflections.  Upon polarization reversal we observed a 30% change in the intensity of 

PZT reflections, which formed the basis for our image contrast.  The change in intensity 

is a crystallographic effect that is connected to the change in the index of the surface-

normal c-axis x-ray reflection (for example from 002 to 002) that occurs during 

switching.  Friedel’s law ordinarily requires that intensities at reciprocal space points 

related by inversion (e.g. hkl and lkh ) be equal, but does not apply in cases in which 

absorption is important.13   This approach using the intensity of x-ray reflections to 

distinguish oppositely polarized regions of ferroelectrics has been widely used in the 

study of ferroelectric domains in bulk crystals of lithium niobate with x-ray topography, 

as well as in the determination of the absolute orientation of other materials with polar 

unit cells.14,16 

Images of a PZT device in the remnant polarization state, at zero applied voltage after the 

application of a voltage pulse, were taken for both stable polarization states.  We first 
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established that x-ray microdiffraction was an accurate probe of the local stored 

ferroelectric polarization.  By applying voltage pulses to the bottom electrode, the PZT 

thin film was switched between stored polarization states in which the [001] and ]100[  

directions were normal to the device surface.  Images of a region including the edge of an 

electrode (Figure 1c) show the effect of switching the remnant polarization on the 

intensity of the x-ray reflection from the film.  Each image required approximately 30 

min to acquire.  No evolution of images with time was observed in repeated scans of the 

same area.17  The mean intensity of the reflection from the device area is 30% greater 

following a -1.25 MV cm-1 500 µs-duration triangular electric field pulse to the bottom 

electrode than for an identical positive pulse.  By following -1.25 MV cm-1 pulses with 

positive voltage pulses of amplitudes near the coercive field, we found that the 

polarization was switched in discrete areas of the film and that the switched area in the x-

ray microdiffraction images was proportional to the net reversal of the stored polarization 

(Figure 1d).  Aside from the overall change in intensity, rocking curves and theta-two 

theta scans showed no difference between the two polarization states.  There was no 

change in the intensity of the (002) reflection in the area of the PZT film not covered by 

the top electrode. 

The development of polarization fatigue resulted in the collapse of the polarization-

electric field hysteresis loops upon repeated cycling of the applied electric field.  Using 1 

kHz triangle wave fields, we found that after a number of cycles the switchable 

polarization rapidly decreased from an initial value of 95 µC cm-2 (Figure 2a).  The onset 

of fatigue occurred in two qualitative regimes.  At pulse amplitudes of 10 V applied to 
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the 160 nm-thick PZT films (a nominal field of 625 kV cm-1) we found fatigue within 104 

cycles and an eventual decrease of the switchable polarization to 25 µC cm-2 (Figure 2b).  

We used the same pulse waveforms for both hysteresis loop and fatigue measurements to 

avoid complications caused in measurements with insufficient electric field or pulse 

duration.18  Microdiffraction maps of the rapid fatigue process in this low electric field 

regime show that as a result of fatigue the PZT layer gradually becomes pinned in the 

state that would normally be reached by applying a positive voltage to the bottom 

electrode.  Figure 3a shows the evolution of the intensity of the x-ray reflections in pairs 

of images taken following positive and negative voltage pulses at interruptions in cycling 

the electric field after increasing numbers of cycles.  The difference in the integrated 

intensity between pairs of images is a measure of the switching of the polarization.   

The low-field fatigue process preserves the crystal structure of the PZT layer, but pins it 

in a state in which it can no longer respond to applied voltage pulses.  Larger amplitude 

voltage pulses (up to ±19 V, 1.2 MV cm-1) restored the switchable polarization 

observable both in x-ray images and electrical measurements (Figure 3b).  It has been 

observed previously that larger fields may be sufficient to allow the nucleation of 

domains or to de-pin domain walls when switching at lower voltages is suppressed.4,19,20   

The composition of the metal electrodes can have an important role in the onset of 

fatigue.  It has been often observed that fatigue is delayed in devices using complex oxide 

metal electrodes.21  In previous studies, SRO top electrode layers have delayed the onset 

of fatigue to the order of 1010 or more cycles.22  We found that the low-field mechanism 

of fatigue was not observed in up to 5 × 107 electric field cycles in devices fabricated 
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using SRO rather than Pt top electrodes, suggesting a chemical driving force for low-field 

fatigue, such as the oxygen vacancy mechanism proposed previously by Dawber et al.2  

The development of fatigue and the clear preference for a single polarization state 

suggest that the asymmetry of the electrode composition (i.e. epitaxial SRO bottom 

electrodes vs. Pt top electrodes) is important.  However, we observed only a slight shift in 

the coercive field (by –0.2 V, or 12.5 kV cm-1) during the fatigue process indicating that 

the applied fields were well above the effective coercive fields and that low-field fatigue 

originated in either pinning of domain motion or the effective suppression of nucleation.4  

In addition, hysteresis loops retained a sharp transition at the coercive field throughout 

the fatigue process.  The fatigue mechanism is thus not simply due to a gradual 

development of imprint in local areas of the film. 

The origin of polarization fatigue is dramatically different in measurements made at 

higher electric fields.  With pulse amplitudes of 1.2 MV cm-1, resulting from 19 V pulses 

applied to a 160 nm film or 10V across an 80 nm film, the onset of fatigue occurred after 

2 × 105 or more cycles of the field (Figure 2b) a factor of approximately 102 more than at 

lower fields.  Fatigue at high electric field, however, was accompanied by a much larger 

eventual decrease in the switchable polarization and no rejuvenation with higher fields 

was possible.  The eventual decrease of switchable polarization is accompanied by a 

dramatic structural change in the PZT thin film.  For a small number of cycles, the result 

of switching at high fields is similar to what is observed at low fields; the PZT film 

switches uniformly between polarization states.  As fatigue develops in the high field 

case, however, the x-ray reflections in some areas of the film decrease in intensity by up 



 8

to a factor of ten.  These regions, which are at first isolated, coalesce at larger numbers of 

polarization cycles and eventually cover the entire area beneath the electrodes (Figure 4).  

The fraction of the area of the device occupied by these regions of drastically reduced 

intensity increases as fatigue develops and scales with the decrease in the switchable 

polarization (Figure 2b).  In the areas of the film initially unaffected by fatigue there was 

no reduction in the intensity difference between states prepared by positive and negative 

pulses.  The failure of devices fabricated from 160 nm PZT layers in the high electric 

field regime was more dramatic, resulting in damage to the device that was visible under 

an optical microscope.  High-field fatigue was distinct from the process of catastrophic 

shorting of these devices, which occurred at still higher electric fields. 

The structural effect of polarization fatigue at high electric fields is clear in reciprocal 

space as well.  We have already noted the factor-of-ten decrease in the intensity of 

reflections at the as-grown lattice spacing of the PZT film.  In addition, following high-

field fatigue, the PZT (002) reflection is broader in reciprocal space scans along [00L] 

and in rocking curve measurements.  For the thinner films, which are under strain 

following growth, the peak intensity of the PZT reflection is shifted during the high-field 

fatigue process to higher 2θ angle, corresponding to a 0.3% decrease in the PZT out-of-

plane lattice constant (Figure 4b) and a shift towards the bulk lattice parameter.  The 

thicker, 160 nm films were fully relaxed before fatigue and exhibited the decrease in 

intensity, but only a slight shift in the reciprocal space position of the (002) reflection.  

The structural changes may be related to the formation of defects relaxing the epitaxial 

strain or to the accumulation of oxygen vacancies in increasingly thick regions near the Pt 
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electrode.23  Because our sampling of the diffraction pattern was limited to the vicinity of 

a single point in reciprocal space, the subtle structural changes with low field fatigue as 

observed by Thompson et al. 24 in an x-ray crystal truncation rod measurement cannot be 

ruled out. 

These x-ray microdiffraction measurements confirm previous suggestions that there are 

several important mechanisms of fatigue and show that multiple mechanisms can 

simultaneously be important to an individual device.  Recently, area-averaged dielectric 

loss measurements have also suggested that multiple mechanisms can be at work 

simultaneously.25  In our case, at low fields the development of a single polarization state 

without a general shift in the coercive electric suggests that the nucleation and growth of 

domains of the opposite polarization is suppressed.  If domain wall pinning is the origin 

of this fatigue process, the motion of domain walls is ultimately hindered at scales 

smaller than our x-ray spot size.  At high fields, the fatigue process is irreversible and 

results in a drastic reduction of structural order in the PZT film.  The structural 

understanding and control of fatigue presents an important continuing challenge to the 

realization of microelectronic and photonic devices based on ferroelectric oxide 

materials.  X-ray microdiffraction is the ideal tool for understanding these and other 

complex materials in which structural, electronic and even magnetic phenomena are 

deeply intertwined. 
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Figure 1: Polarization switching in a PZT thin film capacitor a, Epitaxial ferroelectric 

capacitor fabricated on an (001) oriented SrTiO3 substrate.  b, A schematic of the 

synchrotron x-ray microdiffraction experiment.  c, Images of the intensity of a the (002) 

reflection of Pb(Zr,Ti)O3 following -10 V and +10 V pulses to the bottom electrode of the 

capacitor device.  The intensity of the reflection varies with local ferroelectric 

polarization and changes by 30% upon polarization switching.  d, The area of the region 

in which the intensity has changed (triangles) and the total switched polarization (solid 

line) are proportional and provide independent observations of the switching process. 

Figure 2:  Polarization fatigue a, Polarization-electric field hysteresis loops for the 160 

nm PZT thin film exhibit polarization fatigue after approximately 104 electric field 

cycles.  b, When operated at the same voltage, capacitors fabricated from 80 nm thin 

films (squares) required a factor of roughly 102 more cycles to be fatigued to the same 

remnant polarization as those fabricated from 160 nm PZT layers.  The evolution area of 

regions of reduced (002) reflection intensity measured from the images of Fig. 4 is 

consistent with the decrease in switchable polarization.  

Figure 3:  Low field fatigue a, Images of the evolution of the intensity of the PZT (002) 

reflection during fatigue under low electric field conditions.  The film is eventually 

pinned in the state that would normally follow a positive voltage pulse to the bottom 

electrode. b, An electric field pulse of a larger magnitude restores the switchable 

polarization. 

Figure 4:  High field fatigue a, The evolution of polarization fatigue under high fields 

occurs by the development and spread of areas of reduced x-ray reflection intensity.  b, 
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The PZT (002) reflection is shifted to smaller lattice constant in these areas, consistent 

with the relaxation of the strain resulting from epitaxial growth. 
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